We report possible evidence of non-Fermi liquid (NFL) observed at room temperature from the quasi one-dimensional (1D) indium (In) nanowires self-assembled on Si(111)-7×7 surface. Using high-resolution electron-energy-loss spectroscopy, we have measured energy and width dispersions of a low energy intrasubband plasmon excitation in the In nanowires.
could manifest itself as the non-analytic dispersion ζ(q) for the width (∼ τ −1 ) of a spectral peak stemming from the excitations. [11, 12] Such a peculiar spectral behavior may sensitively probe the NFL nature when other spectroscopic evidence is intriguingly suppressed in pragmatic 1D systems.
High energy-resolution (≤ 3 meV) electron-energy-loss spectroscopy (HREELS) has been used to detect such damped collective excitations, plasmons in particular, in the 1D interacting electron systems. [13] [14] [15] In the long wavelength limit, intrasubband plasmon shows an almost linear energymomentum dispersion ω(q) as observed experimentally [16] and also predicted theoretically both by a NFL theory such as a Luttinger theory and by a typical nearly free-electron gas theory of the random-phase-approximation (RPA). [17] Despite numerous theoretical [11, 12, 17, 18] and experimental studies [13, 16, 19] on plasmon excitations, no unambiguous clue for the NFL behavior due to the damped life time, however, has been reported to our knowledge.
Here we report evidence of the NFL in the quasi 1D indium (In) nanowires self-assembled on the Si(111)-7×7 surface at room temperature. We find a width dispersion ζ(q) ∼ q α with an exponent α=1.40±0.24 of the low energy intrasubband plasmon excitation. This non-analytic width dispersion is understood only within the framework of NFL theory, never expected from the RPA. [11] [12] [13] Unlike the clean NFL, such a peculiar behavior may arise from the non-ideal features of a real 1D sample including the quasi-1D nature allowing extra conduction channels or localization due to impurities and thermal agitation at finite temperature. It has been, indeed, discussed for any signature of the NFL from the 1D conducting In nanowires at room temperature. [6, [20] [21] [22] [23] [24] Although extra interactions due to such deviations may suppress typical NFL features observed a d [111] [110] in PES studies significantly, the width dispersion, however, appears to survive and exhibits its unique non-analytic dispersion of the NFL even at room temperature.
The atomic arrangement of the In nanowires is depicted in 1(a), where four In nanowires form a metallic bundle along the direction parallel to the nanowires ([110] ). [20] Note that the In bundles are arranged periodically along the direction ([112]) perpendicular to the length of the bundles. Although the transition from the metallic 4×1 at room temperature to the insulating 8×2 phase below T c =120 K has been understood in terms of Peierls instabilities accompanying the formation of charge-density-wave (CDW) with a doubled periodicity, [6, 24, 25] some observations, for example, the partially suppressed spectral intensity near Fermi level below T c have not been
properly understood. [6, 24] We ascribe such spectral features to the intrinsic nature of the NFL phase.
II. EXPERIMENTS
We have obtained our HREELS data by using a Leybold-Heraeus ELS- 
III. RESULTS AND DISCUSSIONS
We present angle-resolved EEL spectra in 2 with the wave vector (q) parallel (a) and perpendicular (b) to the length of In nanowire. The parallel component of the wave vector q is determined
where E p is primary electron energy andhω is loss energy. loss peaks as a function of q. Inset in 2 shows the Lorentzian fit functions (dashed curves) and the inverse polynomial background (dotted curves) subtracted from the raw spectra as done earlier. [26] The resulting fit-curves (solid curves) are superimposed on the data revealing excellent fits.
One finds two loss peaks in 2(a), a weak non-dispersive L 1 peak of loss energy centered at 378±11 meV and another quite dispersive L 2 peak along the parallel direction. Note that there exists only L 1 along the direction perpendicular to the In nanowires. The non-dispersive L 1 is ascribed to an interband transition between the three surface bands m 1 , m 2 , and m 3 found in photoemission near the Fermi level, because they are nearly parallel each other with a separation of ∼350 meV. [6, 22] intrinsic Peierls instability [6] or that of the Landau damping where plasmon can decay directly into single particle-hole excitations as will be discussed later. [13, 14] . Therefore the plasmon observed is not affected by such singularities. [17] We then compare our experimental energy dispersion curves ω(q) of the plasmon to the one predicted by the NFL theory, which is given below for a 1D interacting electron system near Fermi
where
v F =hk F /m * is the 1D Fermi velocity with effective mass m * , V (q) is the Coulomb potential, and K 0 is the modified Bessel function of the second kind. Note that the spin excitation alone
gives only the first term in 2 so that the spin-charge separation is due essentially to the second term when V(q) =0. Incidentally one finds that the RPA for a 1D nearly free-electron gas gives the same q-dependence as in 2 in the small q limit. a maximum spin-charge separation of about 40 meV (see inset). One also notes that all our data points locate below the estimated Landau edge q c =0.041Å −1 determined by the crossing q-value between the charge dispersion and the upper edge of the single particle-hole excitation. [17] Naturally the two dispersions merge to ω=0 as q approaches 0. The spin dispersion found within the single particle-hole excitation and the relatively small spin-charge separation (∆E ≤40 meV) may explain why previous photoemission study with energy resolution greater than 100 meV has failed to detect any spin-charge separation at room temperature.
Despite the hidden evidence of NFL in previous photoemission study, [6] some observations still challenge a possibility for the NFL behavior of this 1D metal system. Unlike the bands m 2 and m 3 showing a typical Fermi liquid behavior, the band m 1 , despite its typical Fermi edge at room temperature, becomes severely quenched in spectral intensity at low temperature similar to the NFL behavior of the carbon nanotubes. [3] Moreover, the asymmetric parameter 0.09 obtained for m 1 in reference [6] remains unaltered despite the phase transition upon cooling, which is not properly understood in terms of either CDW mechanism or metal-insulator transition of Fermi liquids. Previous EELS study challenges no CDW gap or a possibility of partly metallic phase at low temperature. [23] Another theory paper even predicts a metallic surface due to m 1 band for both above and below T c partially supporting the idea suggested by the EELS study. [24] Such a socalled pseudo-gap feature suggested by the significantly depressed spectral intensity near the Fermi level of an interacting 1D electrons system may be another clue for NFL as for the TTF-TCNQ (tetrathiafulvalene-tetracyanoquinodimethane). [9] Now the effective masses m * obtained from the best fits for each of the three parallel surface to q, they appear to fall onto the same dispersion curve of the L 2 in 3(a).
We now consider a so-called "band effect" by including the inter-bundle interactions along the [112] direction. With a separation d=13.3Å between neighboring bundles, we have modified V (q) by adding the second term in 4 in the long wavelength limit. [17] 
where G y is the lattice vector perpendicular to the nanowires. As seen in 3(b), we find all the data points for q ≤ q c are contained within the two limiting dispersion curves for two values G y =0
and π/d. We thus conclude that the loss peak L 2 is an intrasubband plasmon excitation with its energy dispersion well described either by the RPA or the NFL theory for q ≤ q c .
Although the energy dispersion ω(q) shows identical behavior for both NFL and nearly freeelectron gas in the low q limit, the width dispersion ζ(q) ∼ q α of the NFL, however, clearly distinguish the NFL nature from nearly free-electron gas when the exponent α appears to be nonanalytic. [11, 12] In order to determine this crucial element α, we have fitted two sets of width values of the L 2 with ζ(q) ∼ q α . The best fit (solid curve) gives α=1.40±0.24 as shown in 4(a). As discussed below, this non-analytic width dispersion, in fact, strongly supports the NFL description of the 1D conducting In nanowires at room temperature. We now discuss physical significance of a non-analytic exponent α in real 1D conducting samples.
It has been predicted α=1.5 for a NFL system with enhanced collisions between bosonic excitations due to non-linear band curvature, which is quite distinct from the clean NFL. [1, 11, 13] observed. These are considered as evidence of the NFL phase despite the absence of the spin-charge separation. [9] We thus conclude that the In nanowires, despite their non-ideal quasi 1D nature and finite temperature, reveals the NFL property through the peculiar behavior of the width dispersion of intrasubband plasmon.
IV. CONCLUSION
We have measured the dispersion of an intrasubband plasmon of the quasi-1D In nanowires self-assembled on the Si(111)-7×7 surface at room temperature. We observe quite anisotropic dispersions along the directions parallel and perpendicular to the nanowires demonstrating the 1D nature of the intrasubband plasmon. The non-dispersive EELS peak appearing in both directions is ascribed to an interband transition between three parallel surface bands near Fermi level. The energy dispersion ω(q) of the unique dispersive peak agrees quite well with predictions by the NFL theory and also by the RPA. The peculiar non-analytic width dispersion of the plasmon, however, as predicted only by the NFL theory strongly supports the NFL nature of the In nanowires even though spin-charge separation is not significant. One may observe similar non-analytic width dispersion of low energy excitations indicating the NFL feature in other real 1D conducting systems.
